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Abstract 
An investigation on the ultimate load capacity of non-perforated and perforated equal 
angle cold-formed steel stub columns is presented in this paper. An experimental study 
has been undertaken to study the behavior of such members sUbjected to compression. 
Members were tested to failure under axial or eccentric loading. A comparison of 
experimental and finite element failure loads, . as well as the failure modes of tested 
specimens, shows that the finite element model is capable of predicting the ultimate load 
capacity and the failure modes with reasonable accuracy. 
Introduction 
The use of cold-formed steel sections in structures represents a further trend in the 
exploitation of structural form from its early ponderousness to the present day's trend 
towards tenuity. Nowadays cold-formed light gauge steel sections are extensively used 
for various types of structural forms in aerospace, automobile, building industries and 
storage racking structures. Constructability with cold-formed sections may be greatly 
improved by providing single and multiple perforations in the web and. (or) flange of 
beams and columns, which allows easy consolidation .of building services within the 
section depth. The accurate analysis of enumerating the weakening effect of local 
instability on the strength of cold-formed steel section is highly complex because of its 
dependence on the shape of the cross section, material and geometric non-linearity, effects 
of cold forming, effect of perforations, etc. 
Angle members are frequently used in different kinds of cold-formed steel applications. 
However, they are yet to be analyzed thoroughly from the designer point of view due to 
the lack of sufficient experimental data in comparison with the other standard structural 
shapes, e.g., channel sections[1,3,8,9,12]. Madugula et al.[5] carried out experiments to 
determine the flexural failure loads of cold-formed angle sections and developed a finite 
element program taking into account the effect of the initial out-of-straightness. The 
ultimate strength characteristics of eccentrically loaded cold-formed sections of equal and 
unequal angles were investigated by Madugula and Ray [6] and they concluded that the 
location of shear center and the magnitude of warping constant have no significant effect 
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on the failure loads predicted according to the general theory of torsional-flexural 
buckling. An effective section method for analyzing the influence of local buckling on the 
behavior and strength of singly symmetric thin-walled columns and beam columns was 
proposed by Mulligan and Pekoz [7]. Samuel Knight and Adalarasan [10] studied 
experimentally the behavior of single non-perforated angles in compression, both in 
elastic and plastic ranges of loading. There is, however, no experimental data available 
for perforated members to author's knowledge. An experimental study has therefore, been 
undertaken to investigate the behavior of non-perforated and perforated cold-formed 
angles subjected to compression. A series oftests have been carried out on stub columns 
of equal angle sections in order to study the behavior in elastic and ultimate load 
conditions. Members were tested to failure under axial or eccentric loading. A three-
dimensional finite element model to predict the behavior of the test specimens was 
developed using the ABAQUS finite element package. Material and geometric non-
linearity and effects of cold forming are incorporated in the model [4,11]. The finite 
element results for ultimate failure loads and load-axial compression relationships for the 
columns tested are compared with the corresponding experimental values and, accuracy of 
the finite element model is established. 
Experimental Study 
Test Specimens 
Two groups of stub column specimens of equal angle cross-section were tested to failure. 
The columns of Group I did not contain any opening in, the legs and they were subjected 
to compression loading applied with end eccentricity of different magnitudes. On the 
other hand, columns of Group II were perforated in the legs and subjected to axial 
compression. Three nominal section sizes of equal angles ofEA 50 x 50 x 2.6 mm, EA 75 
x 75 x 2.0 mm and EA 100 x 100 x 1.6 mm were selected. The dimensions of all the 
specimens are summarized in Tables 1 and 2 for Group I and Group II, respectively. 
Details of the specimens are presented in Fig. 1. The angle sections listed in the table are 
designated as EA20-5-0, in which the first field EA indicates equal angle, while the 
second field 20 refers to plate slendemess ratio of a leg. The third field refers to 
eccentricity, e, and the last field to opening size as a percentage of flat leg width. The '+' 
sign and '-' sign in front of the third field indicates, respectively the nature of eccentricity, 
Le., away or towards the corner measured from the centroid of the section. For the 
specimens with perforations, lengths are adjusted to accommodate the openings and yet 
satisfy the stub column length limit according to BS5950 Part 5 [2]. 
For each section having similar material thickness, specimens were cut from the same flat 
sheet of steel to maintain constant material properties. The flat plate was bent on a 
mechanically operated bending machine to obtain an angle section and, perforations were 
made by a drilling operation. Due to different thickness and strength of the material the 
bending process produced different overall dimensions for the test samples as the sheets 
were affected by the cold bending to different degrees. In view of this, all calculations 
were based on the actual average dimensions obtained by measuring the manufactured 
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specimen. In the calculations that required knowledge of the perforation locations, the 
actual measured positions were used. 
The measured average dimensions of the equal angle specimens are presented in Tables 1 
and 2. Test coupons cut from the parent material of the specimens were tested in 
accordance with the ASTM specifications and the average value of yield stress was found 
as 450 Mpa. This value was used in all calculations presented later. The specimens were 
tested in two separate groups. In the first group, all the specimens were non-perforated 
and tested under eccentric compressive loading. The specimens of Group II were 
perforated and tested under axial compression loading. 
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Fig. 1. Details of Test Specimens 
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TABLE 1. Dimensions of Test Specimens of Group I 
No Specimen Section size Length Eccentricity 
(B xB x t) (L) 
(mmxmmxmm) (mm) (mm) 
1 EA20-0-0 0 
2 EA20-5-0 -5 
3 EA20+5-0 51.9 x 51.9 x 2.6 150 +5 
4 EA20+10-0 +10 
5 EA20+20-0 +20 
6 EA40-0-0 0 
7 EA40-5-0 -5 
8 EA40+5-0 75.6 x 75.6 x 2.6 225 +5 
9 EA40+1O-0 +10 
10 EA40+20-0 +20 
11 EA60-0-0 0 
12 EA60-5-0 -5 
13 EA60+5-0 101.5 x 101.5 x 2.6 300 +5 
14 EA60+10-0 +10 
15 EA60+20-0 +20 
TABLE 2. Dimensions of Test Specimens of Group IT 
No Specimen Section size Length do ao 
(B x B x t) (L) 
(mm) (mm) (mm) (mm) 
1 EA20-0-0 -
-
2 EA20-0-20 51.9 x 51.9 x 2.6 280 10 18 
3 EA20-0-40 19 35 
4 EA20-0-60 27 53 
5 EA40-0-0 - -
6 EA40-0-20 75.4 x 75.4 x 2.0 300 15 28 
7 EA40-0-40 27 52 
8 EA60-0-0 100.5 x 100.5 x 1.6 300 - -9 EA60-0-20 20 40 
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Test Rig and Instrumentation 
An INSTRON servo-controlled universal testing machine, which is a combined tension 
and compression machine with a maximum load capacity of 500kN, was used for testing 
the specimens. The stroke control mode was adopted for the tests using a slow rate of 0 .1 
mm/min. The specimens in Group I were subjected to comprcssive loading bctween two 
plain steel platens. The specimen was positioned in such a way to apply load with 
eccentricity of different magnitude. Fig. 2 shows the test set up and a typical test in 
progress. 
The specimens of Group II were subjected to uniform axial compression between two 
plain steel platens. Linear displacement transducers with a sensitivity of 500 J.llmm and 
dial gauges mounted on a specially built instrumentation frame were used to measure the 
deformations along the centerline of the component plates of all specimens tested . The 
axial deformation measured in the transducer and the readings from load cell were fed 
directly into a computer so that a continuous trace of the load-axial shortening curve was 
obtained. The continuous plot thus obtained as the test progressed enabled the onset of 
inelastic behavior to be observed and suitable increments to be chosen during the approach 
to failure. Strain in the direction of loading was measured at locations corresponding to 
114 length, 1/2 length and 314 length on the test specimen both inside and outside at the 
tip, middle and corner of the angle leg by means of electrical resistance strain gauges 
having a gauge length of 5mm. 
FIG. 2. Typical Test Set-up 
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Test Procedure 
Each of the specimens was positioned on the supports taking care to ensure that its 
centerline was exactly in line with the axis of the machine. Once the transducers and dial 
gauges had been fixed in position, a small load of 2kN was applied slowly so that the 
specimen settled properly on its supports. The load was then removed after checking 
proper functioning of the instrumentation. The trial load was reapplied and again removed 
slowly. The column was then tested to failure by applying the compression in small 
increments, and the axial compression was recorded at each increment. Each test was 
continued well beyond the ultimate load capacity and stopped only when plastic 
mechanisms had become well developed. Generally this corresponds to an end 
displacement of about 2 to 4 mm over the total length of the specimen of300mm. 
Finite Element Analysis 
All test specimens were analysed by using the elasto-plastic finite element package 
ABAQUS. Modeling and meshing were done using 3D Mechanical Computer Aided 
Engineering (MCAE) system, MSCIPATRAN 7 during the preprocessing stage. The 
success of mesh generation depends on the appropriate selection of element size, shape 
and type. Hence, in the present study, a surface model consisting of 8-noded doubly 
curved thin shell, reduced integration, using five degrees of freedom per node were used 
to avoid any ill-conditioning in analysis. The elements are of type S8R5 in ABAQUS 
terminology. Typical mesh of a test specimen is shown in Fig. 3. This mesh was chosen 
based on a detailed convergence study carried out with ultimate load capacity as the 
reference data. Since the model has perforations in both legs, at locations adjacent to the 
perforation the number of shell elements was increased to follow the stress concentration 
around the openings. After the mesh generation, all the meshing data are converted into 
standard ABAQUS (ver.5.8) input for analysis. After the conversion, data have been 
included in order to account for all the material and geometric non-linearity, residual 
stresses, the incremental-iterative load steps and required output commands in accordance 
with ABAQUS/Standard program language. ABAQUSlPost provides graphical displays 
of ABAQUS models and results. Stress distribution results can be presented as graphs or 
contour plots at any selected load step and deflected shapes are also made possible. 
Numerical results on nodal stresses, reaction forces and displacement are also available. 
Experimental and Finite Element Results 
Views after failure of typical test specimens along with the corresponding finite element 
models are presented in Figs. 4 and 5. A continuous trace of the load-axial displacement 
curves for typical specimens in Group I and II are shown in Figs. 6 and 7. 
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FIG. 3. Typical Meshing of Perforated Angle Short Column 
The curves show a clear definition of failure loads. The load-deflection plots in Fig. 6 
remain linear up to approximately 50% of the ultimate load capacity and after reaching the 
maximum load, it was observed that the specimen exhibited a fairly rapid fall off with 
increasing deflection. Though the prediction of ultimate load by FEM analysis is within 
10% higher than the experimental loads, the behavior of the specimen determined by FEM 
analysis is slightly different from the experimental behavior. The change in behavior is 
more pronounced in the plastic range. This may be due to the incorporation of material 
and geometric non-linearity approximately by thumb rules. The values used in the FEM 
analysis are not the measured values. However, the primary importance of residual 
stresses is how load is carried and not in final magnitude. The effect of eccentricity on the 
ultimate load capacity of angle specimens of slenderness ratio 40 and 60 is shown in Figs. 
8 and 9, respectively. The comparison indicates that for all specimens in Group I, the 
ultimate load is 17% to 23% higher for specimens loaded at an eccentricity towards corner 
than the axially loaded specimens. Also, the comparison indicates that there is a 
significant reduction in the ultimate strength of specimens loaded at an eccentricity away 
from the corner. For each 5mm of increase of eccentricity there is a marked reduction in 
the ultimate capacity. For all the specimens there is a reduction of 50% of ultimate 
capacity for larger eccentricity, 20mm away from the centroid. Also it is interesting to 
note that as slenderness ratio increases, the effect of eccentricity has less influence on the 
ultimate load capacity. A View after failure of a typical specimen in Group I is compared 
with the corresponding ABAQUS model as shown in Fig. 4. It can be seen from 
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Experiment ABAQUS 
Fig.4(a) View after Failure of the Specimen EA20+10-0 
Experiment ABAQUS 
Fig.4(b) View after Failure of the Specimen EA40+5-0 
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Experiment ABAQUS 
Fig. Sea) View after Failure of the Specimen EA20-0-60 
Experiment ABAQUS 
Fig. 5(b) View after Failure of the Specimen EA40-O-40 
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the figure that the finite element modeling is able to reproduce the behaviour of the 
specimens in the same way as observed in the experiments. However, some specimens 
are not simulated exactly. This is due to the fact that the models in the FEM analysis are 
loaded well beyond the ultimate load so that the deformations at failure can be captured 
clearly. 
Load-deflection plots shown in Fig. 7 remain linear up to 60% of the ultimate load 
capacity and after reaching the maximum load the non-linearity became more marked with 
the introduction of openings. After reaching the maximum load, it was observed that each 
specimen exhibited a fairly rapid fall off with increasing deflection. Though the 
prediction of ultimate load by FEM analysis is within 10% higher than the experimental 
loads, the behavior of specimen· in FEM analysis is slightly different from the 
experimental behavior. This may be due to the incorporation of material and geometric 
non-linearity approximately by thumb rules, which is proposed mainly for plate element 
without openings. Obviously because of the presence of perforations there will be a 
redistribution of residual stresses in the section, which is not accounted for in the analysis. 
The values used in the FEM analysis are not the measured values. Though the presence of 
openings results in reduction of the ultimate capacity of the specimens, the effect is 
negligible for 20% openings. Indeed, the ultimate load capacity was reduced by almost 
50% for 60% openings, extending over the leg width. A typical specimen for Group II is 
compared with the corresponding ABAQUS model in Fig. 5. The comparison shows 
good agreement of FEM prediction with the corresponding experimental failure shape. In 
the FEM analysis the models are loaded well beyond the ultimate load so that the failure 
can be observed clearly. 
The experimental failure loads of all the specimens in the two groups, along with the FEM 
ultimate loads are summarized in Tables 3 and 4. Experimental results shown in the 
tables serve to verify the accuracy of the finite element modeling. All specimens failed by 
local buckling of legs. It can be seen from Tables 3 and 4 that ultimate loads for 
perforated and non-perforated stub columns of equal angle sections predicted by the finite 
element method are very close to the corresponding experimental values; the percentage 
error is within the acceptable range (-7 to +9%). Assessing from the accuracy obtained 
using the FEM analysis, it is possible to carry out a detailed parametric study so that the 
effects of such parameters on the ultimate load behaviour can be investigated. Also, it is 
possible to develop design curves and formulae. 
A typicallo.ad vs strain plot is given in Fig. 10 for specimen EA40-0-0 at Y4 of length near 
the loading edge. The curve shows that the strain is compressive in both outside and 
inside surfaces and follows a linear relationship. Once the local buckling occurs, the inside 
strain remains compressive whereas the outside strain becomes tensile. This is due local 
buckling in the leg, which deflected to one side causing compression on one side and 
tension on the other. 
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TABLE 3. Comparison of Experimental and ABAQUS results - GROUP I 
Specimen P.xp Paba Paba! p.xp 
(kN) (kN) 
EA20-0-0 90.1 97.2 1.079 
EA20-5-0 105.8 102.1 0.965 
EA20+5-0 78.6 71.8 0.914 
EA20+10-0 54.4 56.5 1.039 
EA20+20-0 36.8 40.2 1.092 
EA40-0-0 49.5 51.4 1.038 
EA40-5-0 61.0 62.7 1.028 
EA40+5-0 35.9 37.4 1.041 
EA40+10-0 33.0 35.1 1.064 
EA40+20-0 24.1 26.2 1.087 
EA60-0-0 29.7 32.3 1.088 
EA60-5-0 36.5 39.2 1.074 
EA60+5-0 28.8 30.7 1.066 
EA60+10-0 25.2 23.7 0.942 
EA60+20-0 15.7 17.1 1.089 
TABLE 4. Comparison of Experimental and ABAQUS results - Group II 
Specimen p.xp Paba Paba! Pexp (kN) (kN) 
EA20-0-0 77.0 78.6 1.021 
EA20-0-20 70.1 70.4 1.004 
EA20-0-40 55.7 54.4 0.977 
EA20-0-60 41.3 38.3 0.927 
EA40-0-0 56.9 60.1 1.056 
EA40-0-20 54.1 54.3 1.004 
EA40-0-40 46.8 45.2 0.966 
EA60-0-0 43.6 47.7 L094 
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Fig. 10. Load Vs Strain Gauge Readings for specimen EA40-0-0 
Conclusions 
Tests on non-perforated cold-formed angles subjected to axial or eccentric compressive 
loading show that there is a significant reduction in the ultimate strength of the columns 
loaded at an eccentricity away from the corner. As slenderness ratio increases, the effect 
of eccentricity has relatively less influence on the ultimate load capacity. Tests on 
perforated cold-formed angles subjected to axial compressive loading show that the 
presence of perforations results in reduction of the ultimate capacity of the specimens. 
This effect is significant for 60% openings but is insignificant for 20% openings. A 
comparison of experimental and finite element failure loads as well as tested models show 
that the finite element model is capable of predicting the ultimate load capacity as well as 
the failure mode of the cold-formed angle stub columns with reasonable accuracy. This 
was achieved by using the finite element package ABAQUS to carry out an elasto-plastic 
finite element analysis. 
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